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INTRODUCTION

The steps involved in the initiation of detonation by incid-
ent shock waves have been outlined by Strehlow and Cohen (1). In
their words, "An exothermic reaction occurring in a small region
of a flcwing gas causes an increase in the local pressure ....
Since this region 1s subsonic the pressure increasé will propagate
to the front and increase the velocity of the front, thereby in-
creasing the temperature of the next element of gas heated by
shock compression. This process is self-accelerating and in gen-
eral 2 steady-state wave will not be obtained until the wave is
traveling at or above the Chapman Jouguet velocity for the mixture.

For dllute hydrogen- oxygen argon mlxtures, ignition induct-
ion times ranging from microseconds to milliseconds can be obtained
over a range of temperatures (2,3). In a shock tube equipped with
several velocity-measuring stations, we have shock-heated such mix-
* tures to temperatures at which induction times are a few millisec-
onds long, and observed in considerable detail the process by which
the reaction wave, initiated several meters behind the shock wave,
overtakes and couples with the shock wave,

Earlier measurements (4,5 6) have indicated the increase in

..shock velocity due to coupling of the reaction to the shock wave,

but have not shown many of the details of the process. Strehlow
and co-workers (1,7 »8) have made extensive studies of initiation
of exothermic reactions bpenind reflected shock waves., ' Oppenheim,
. Laderman, and Urtiew (9 lO) have reported extensive studies on

the initiation of detonations in gaseous mixtures where the igni-
tion source was a spark, a flame, or a hot wire. ’
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EXPERIMENTAL

A square shock tube 7.62 cm. on a side was used. This had a
driver gas section 1.83 meters long and a sample gas section 6.10
meters long. Diaphragms were of 1.22 mm. thick aluminum, scribed
diagonally so that, when they burst, four triangular sections would
fold back, one along each side of the tube. Air was used as driver
gas.

When a run was made, the air was added to the driver section
at the desired pressure (below the bursting pressure of the diaph-
ragm), then the diaphragm was ruptured by a plunger. This permitt-
ed close control (about 0.5%) over the driver gas pressure.

The sample gas section was instrumented with thin-film plati-
num heat transfer gauges for velocity and heat transfer measurements,
and with SIM Model 603 piezoelectric gauges (Kistler Instrument
Corporation, Clarence, New York) for pressure measurements. The
positions of these gauges with respect to the diaphragm are listed
in Table I. .

Table T

Positions of Gauges with Respect to Shock-Tube Diaphragm

Gauge Distance Downstream from
Diaphragm, Meters
Heat transfer No. 1 3.2004%
Heat transfer No. 2 3.8100
Heat transfer No. E L4196
Heat transfer No. 4 6482
SIM No. 1 4 6991
Heat transfer No.l3 4 6991
Heat transfer No. 5 4.8006
Heat transfer No. 6 4 go022
SIM No. 2 . 4.9530
Heat transfer No. 7 5.0038
Heat transfer No. 8 5.1054
Heat transfer No., 9 5.2070
Heat transfer No.lO 5.3086
Heat transfer No.ll 5.3594
Heat transfer No.l2 5.9690

Heat transfer gauges 1, 2, and 3, and SIM gauge 1 were mounted on
the side of the tube; the others were on the top. Heat transfer
gauge 13 was used to measure the rate of heat transfer from the gas
to the wall. The time base for all velocity measurements was a Tek-
tronix Model 180A time-mark generator. Outputs from the piezoelec-
tric gauges were fed into charge amplifiers, then recorded using a.
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Tektronix Model 555 oscilloscope. The piezoeletric gauges were
calibrated statically against a precision laboratory pressure
gauge .

RESULTS

In the temperature, range under study, the induction time for
ignition of a hydrogen-oxygen-argon mixture varies rapidly with -
temperature. Accordingly, a good many experiments were necessary
to determine the conditions needed to bring about coupling of the
reaction and shock waves in the right part of the tube. This p01nt
'is illustrated by the data of Figure 1, which apply to a gas mix-
ture containing approximately 4% Ho and 2% 0z by volume in argon.

With sample pressures above about O. 086 atm. , the varlatlon
of shock speed with sample pressure is as one would expect when -
no chemic¢al reaction is.occurring. In the sample pressure range
of 0.082 to 0.086 atm., the shock speed reaches a high value as
the reaction wave catches up to the incident wave.  For lower sample
- pressures, the. reaction has coupled to the shock wave before the
wave reached the measuring station. The effects of small differ-
ences in initial pressure, and of other minor variables such as-
the speed of diaphragm rupture, are shown by the three different -
shock speeds measured for presumably identical runs at 0.08% atm.
Complete data for these three runs show that in one case the peak
shock speed occurred before heat transfer gauge 8, in one case be-
tween gauges 8 and 9, and in the other case after gauge 9.

A complete set of data for the run that gave the highest vel-
ocity in Figure 1 is shown in Figures 2 and 3. The data of Figure
3 have been redrawn from the original oscilloscope records in order
to have the same time scale for all the records, and the same pres-
sure scale for the pressure records.

Similar sets of data were obtained for gas mixtures containing
approximately 0% Hz and 3% Oz, and 8% Hz, and 4% O2. For these
mixtures, of course, the energy release by chemical reaction was
:greater than for the first mixture studied, and thé pressure and
velocity effects correspondingly more pronounced. Data for a run
with the more concentrated mixture are shown in Figures 4 and 5.

DISCUSSION

The data presented in Figures 2 to 5 can best be related by
drawing wave dilagrams for each experiment. Sufflclent data are
avallable to draw reasonably complete wave diagrams, whlch are
given in Figures 6 and 7.

The procedure for draw1ng Figure 6 was as follows:: From Flgures
1 and 2 it can be seen that the first velocity measurement of Figure
2 corresponds to a shock wave unaffected by chemlcal reactlon.
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Therefore., the shock velocity from. the diaphragm to heat trans-
fer gauge 2 will be constant-(neglecting diaphragm opening effects
and attenuation) at a velocity of approximately 870 meters/sec.
(The shock. speed that 'is calculated from the pressures of sample
and driver gas, by means of Markstein's graphical method (11),

830 meters/sec., in close agreement.) If the diaphragm opening
time 1is taken as 0, the incident shock wave will reach heat trans-
fer gauge Z in 4.38 milliseconds (point A of Figure 6). From this
point on, the times to reach varlous peints on the tube are glven
directly by the data.

It is ev1dent from the slow rise in shock speed between 3.5
and 4.9 meters (Figure 2) that the chemical reaction first produces
a zentle pressure wave that travels through the shock-heated gas
with velocity u + a, where u is the flow velocity behind the shock
wave (551 meters/sec) and a is the speed of sound in the heated

;as (557 meters/sec). Accordingly, a characteristic line with
u + a, of 1108 meters/sec. can be drawn back from Point A, to re-
present the path of this first pressure wave that communlcates
enersy from the reaction to the shock wave.

The orizin of this wave is undoubtedly near the driver-sample
interface, at which is located the part of the gas sample that was
heated first (point B of Figure 6) ‘It is apparent that the igni-
tion induction time was about 2 milliseconds, or a little less if
it i1s considered that some of the sample next to the diaphragm will
be cooled by driver gas and not react. The calculated temperature

behind the incident shock wave is 880°K., and the pressure 0.68 atm.

From Point B the reaction front first appears as a line paral-
lel to the incident shock wave.- That 1s, once the gas has been
heated for 2 milliseconds, it starts to react. However, as pres-
sure javes from the reaction increase the incident shock speed,
they also increase u and a behind the shock wave. This means, first,
that the iznition induction-times of successive elements of the gas
become shorter, so that the velocity of the reaction wave exceeds
tnat of the shock wave, and second, that pressure waves can catch
up with waves sent out previously, thereby generating a shock wave.
Tne formation of  this second shock wave is shown in Figure 3. It
a5 just beginning to form as it passed SIM gauge 1, and was better
formed z2s 1t passed SIM gauge 2. The average velocity in the inter-
vzl, 1340 meters/sec., 1s just a little greater than u + a, as one
wrould expect for a weak shock wave. Once the two waves coalesce,
the temperszture behind the wave is close to 2000°K., at which temp-
erature the induction time is about 20 microseconds (2,3). By tiris
time, -then, %the reactlon wave 1is- close behind the shock wave, as
shotm in Fisure .

The wave diagram for the more concentrated gas mixture, Fig-
ure 7, 1s similar in many ways to Figure 6. One notable difference
is that the firs+ evidence of chemical reaction to reach the incid-
en* shock wave was a well-developed second shock wave, of velocity
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2080 meters/sec., '‘which had overtaken and assimilated weak pres- b
sure waves sent out earlier when reaction started. The fact that

the shock wave had the same shape at the two pressure measuring

stations suggests that this is a detonation wave in the gas which

had been preheated to 830°K., compressed to 0.79 atm., and accel-

erated to 555 meters/sec. by the incident shock wave. A calcul-

ation of the detonation properties made by standard methods (12)

gave the following data, which are compared to the experimental
measurements.

Property Observed Calculated
Detonation velocity 1,525 meters/sec. 1,465 meters/sec. ,
relative to unreact- i
ed gas
Ve
Detonation pressure 4 6 atmospheres 5.7 atmospheres
Temperature after - 2,T00°K
reaction ,

The agreement, while not highly accurate, is sufficiently close
to confirm the identity of the wave.

The data for this run do not indicate where the detonation
wave started, nor where it caught up with the first pressure wave
from the reaction zone., Two extreme cases can be considered.

1. The detonation wave formed as soon as reaction started, so a
line drawn back from the intersection of the detonation wave
with the incident shock wave (Point C of Figure 7) with a slope
corresponding to 2080 meters/sec intersects the driver-sample
inter-face at the point of initial reaction, at a time of %.9
milliseconds. :

"2, 'The detonation wave -overtook the first-pressure..wave from.the _
reaction just before the latter reached SIM gauge 1, so that a
characteristic drawn back from the detonation wave at this point,
with a slope corresponding to a u + a of 1110 meters/sec., inter-
sects the driver-sample interface at the point of initial reac-
tion, at a time of 3.2 milliseconds. The wave diagram has actu-
ally been drawn half-way between these two extremes, on the
assumption that the induction time was 4.0 milliseconds.

The fact that the speed of the incident shock wave goes through
a maximum value as the reaction wave couples to it, than later de--
creases somewhat, 1s to be expected from the mechanism of the pro-
cess. Since no reaction occurs during the first few milliseconds,
the rate of energy release by chemical reaction reaches a transient y
maximum value significantly above the normal rate as the reaction °
wave catches up with the shock wave.
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More quantitatively, the velocity of a shock wave with heat
release can be calculated, and the calculation gives a value lower
than the maximum velocity of Figure 2. We have used Markstein's
graphical method (11) in these calculations also., With reference
to the experimental conditions of Figure 2, if the induction time
was zero an ordinary-looking shock wave would be obtalned, with
a velocity of 1110 meters/sec , a pressure of 0.75 atm., and a
temperature of 1460°K (compared to calculate values of 880 meters/
sec., 0.71 atm and 890°K when no reaction occurs) The shock vel-
ocity of 1110 meters/sec. would be reached eventually in our exper-
iment with an induction time, if the tube were long enough and
attenuation could be neglected. Once this steady situation was
reached the pressure would be uniform from the shock front to the
driver gas expansion region,

When the same typé of calculation is made for the gas mixture

_containing more hydrogen and oxygen, corresponding to Figures 4

and 5, it is found that the air driver is not capable of maintain-
ing sufficlent flow velocity to keep the pressure constant behind
the incident shock wave When reaction occurs. The final steady
state wave would,therefore, have an appearance between a shock and
an ordinary detonation wave, with some drop in pressure, tempera-
ture and flow velocity behind the shock front.
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Figure 1. Incident shock speeds measured between heat
transfer gauges 8 and 9 for a gas mixture containing
4,33% Hz and 1.88% Oz .by volume in argon. Driver gas
17.0 atm, of air. )
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